Typhoon Morakot lashed Taiwan and produced copious amounts of precipitation in 2009. From the point view of hydrological statistics, the impact of the precipitation from typhoon Morakot using a frequency analysis can be analyzed and discussed. The frequency curve, which was fitted mathematically to historical observed data, can be used to estimate the probability of exceedance for runoff events of a certain magnitude. The study integrates frequency analysis and spatial analysis to assess the effect of Typhoon Morakot event on rainfall frequency in the Gaoping River basin of southern Taiwan. First, extreme rainfall data are collected at sixteen stations for durations of 1, 3, 6, 12, and 24 hours and then an appropriate probability distribution was selected to analyze the impact of the extreme hydrological event. Spatial rainfall patterns for a return period of 200-yr with 24-hr duration with and without Typhoon Morakot are estimated. Results show that the rainfall amount is significantly different with long duration with and without the event for frequency analysis. Furthermore, spatial analysis shows that extreme rainfall for a return period of 200-yr is highly dependent on topography and is smaller in the southwest than that in the east. The results not only demonstrate the distinct effect of Typhoon Morakot on frequency analysis, but also could provide reference in future planning of hydrological engineering.
InTrodUcTIon
Typhoon Morakot struck Taiwan from 7 -9 August 2009 and caused record?breaking rainfall in southern Taiwan. Typhoon Morakot wrought catastrophic damage in Taiwan, leaving nearly 700 dead and roughly NT$110 billion in damages. The storm produced copious amounts of rainfall, peaking at 2777 mm, surpassing the previous record of 1736 mm set by Typhoon Herb in 1996 (Ge et al. 2010; Hong et al. 2010) . The extreme amount of rainfall triggered enormous mudslides and severe flooding throughout southern Taiwan. Consequently, Typhoon Morakot led to the worst flooding in the last 50 years in Taiwan. After the event, the hydrologists and engineers examined the effect of precipitation from typhoon Morakot based upon a frequency analysis of monitoring and assessment.
The relationship between rainfall depth, intensity and duration to a return period based on historical observations is estimated by using precipitation frequency analysis. Such information is important for the analysis and design of flood control strategies in an urban environment (Young and McEnroe 2006) . This study was initiated amid concern that the precipitation frequency estimates currently used for hydrological engineering design considering Typhoon Morakot may be outdated. Furthermore, several investigators have published evidence of upward trends in the frequency of intense rainfall. For example, Huff and Angel (1992) found that a 5-year, 24-hr rainfall depth increased 10% from the period 1907 -1947 to the period 1948 -1987 for western Missouri (Young and McEnroe 2006) . Karl and Knight (1998) demonstrated that annual precipitation has increased on the order of 10% across the United States, and they attributed most of this increase to a growth in the frequency and intensity of extreme events. In Europe, Fowler and Kilsby (2003) prsented a worldwide increase in both the frequency and intensity of heavy rainfall. Brunetti et al. (2000) demonstrated a strong trend in precipitation intensity during the last 60 -80 years could be associated with an increase in the flood risk over Northern Italy. Zhai et al. (2005) analyzed the total precipitation and frequency of daily precipitation extremes over China, and demonstrated significant increases in extreme precipitation in the south China coastal area. However, unique precipitation characteristics of Taiwan is worthy of study because of extreme precipitation brought about by typhoons. Thus, the change of rainfall frequency curve will be highlighted after an extreme event, i.e., typhoon Morakot happens.
The purposes of this study are (a) to evaluate the differences of extreme precipitation for various return periods based on observed data with and without Typhoon Morakot, (b) to investigate the existence of trends in annual maximum precipitation for various durations in long-term planning, and (c) to detect spatial patterns in regional maximum precipitation data sets.
METhod
The study integrates frequency and spatial analyses to qualify the impact of Typhoon Morakot, and the flowchart is shown in Fig. 1 . First, historical rainfall observations are collected and then the appropriate probability distribution is used to analyze the effect of the hydrological extreme event.
In addition, the patterns of extreme regional rainfall in the Gaoping River basin are estimated by kriging methods.
Frequency Analysis
Frequency analysis is used to predict design floods or precipitation for sites across a basin. The technique involves using observed annual peak discharge or rainfall data to calculate statistical information such as mean values, standard deviations, skewness, and recurrence intervals. These statistical data are then used to construct frequency distributions, which are graphs and tables that tell the likelihood of various discharges or rainfalls as a function of recurrence interval or exceedence probability.
The study modeled an annual maximum rainfall series by a log-Pearson Type 3 (LP3) distribution. The recommended technique is to use the method of moments to fit a Pearson Type 3 distribution to the base-10 logarithms of the peaks, Z, at selected exceedance probability by the equation:
where Z and S are mean and standard deviation of the base-10 logarithms of station data (z). K is a frequency factor that is a function of the skewness coefficient. Readers are referred to USGS (1982) for more details about properties of the frequency factor K and calculation process of frequency analysis. Estimators of the mean, standard deviation, and skew coefficient of the logarithms of the sample data are computed using traditional moment estimators (Adamowski and Bougadis 2003; Griffis and Stedinger 2007; Norbiato et al. 2007 ). The study follows Bulletin 17B guidelines of the Interagency Advisory Committee on Water Data (USGS 1982) . The probability density function of the LP3 distribution, which is always a positively skewed one, is (USGS 1982; Haktanir et al. 2010) :
where Γ is the gamma function. a, b and c are shape, scale, and location parameters, respectively. As a and b are positive real numbers, c can be negative.
To establish a better understanding of the hydrological characteristics of Typhoon Morakot, rainfall frequency curves were derived in the study area.
Spatial Analysis
After determining the frequency curve at each station, spatial patterns could be estimated using a geostatistical approach. The study estimates the spatial patterns of extreme rainfall using kriging and examines the effect of Typhoon Morakot in the study area. Kriging is a linear re- gression set of (Best Linear Unbiased Estimator) routines which minimize estimation variance from a predefined covariance model. Kriging is estimated using weighted sums of adjacent observed rainfalls. The weights depend on the correlation structure exhibited and are determined by minimizing estimated variance. Kriging provides a parametric distribution of rainfall in fields estimated at an unsampled location. The kriging models could be used to estimate the spatial patterns of rainfall without measuring all data in an entire area (Prudhomme and Reed 1999; Goovaerts 2000; Cheng et al. 2003; Lloyd 2005; Griffis and Stedinger 2007; Haberlandt 2007) .
In this study, we applied ordinary kriging to interpolation of design rainfall depths, and therefore the theory of ordinary kriging is briefly described below. Let Z(x) be a random variable defined at location x and be a second-order stationary random field in a spatial domain. Under the second-order stationarity assumption, the spatial variation structure of Z(x) is independent of spatial locations and is characterized by a semi-variogram defined as
We now attempt to estimate an unknown value of Z at x 0 , i.e., z(x 0 ), using observed values z(x i ), i = 1, 2,..., m, at neighboring locations and the following linear equation.
where λ i represents weights assigned to measurements z(x i ). The ordinary kriging estimator is a best linear unbiased estimator (BLUE) that satisfies the following conditions:
The unbiasedness condition of Eq. (4) is satisfied with unitsum weights: 
with respect to λ i and μ. The kriging in this study is performed by GSLIB (Deutsch and Journel 1992) .
STUdy ArEA
The Gaoping River is the largest river in Taiwan in terms of its drainage area (3257 km 2 ) with an estimated mean annual runoff of 8.45 × 10 9 m 3 . Figure 2 shows the location and topography of the Gaoping River basin. The headwater of the river originates in the southern part of the Central Mountain Range near Mt. Jade whose elevation is 3997 m above the sea level. Based on the elevation, 47.45% of the drainage basin is above 1000 m; 32.38% is between 100 and 1000 m, and 20.17% is below 100 m. Due to the northeast-southwest mountain ranges, the terrain slope lifting of the warm and moist air associated with typhoons or a converge of southwestern monsoon and typhoons, such as Morakot, often caused continuous torrential rainfall on the windward side leading to serious flooding (Lee et al. 2006) . Therefore, the annual discharge of the Gaoping River is concentrated in the summer season and early fall (June to October), culminating in August (Liu et al. 2009 ). In this study, 16 rain gauges in the Gaoping River basin are selected. The locations of the rain gauges are shown in Fig. 2 . Table 1 lists the profile of the selected rain gauges. The elevations of rain gauges in Table 1 show the enormous variation from 25 m (Pingtung) to 2540 m (Xingaokou) of the topography of the Gaoping River basin. Additionally, the available observations of all rain gauges are over 25 years which satisfies the essential requirement of precipitation frequency analysis. The precipitation frequency analysis was performed based on the annual maximum rainfall series with 1, 3, 6, 12 and 24 hr durations induced by typhoon's circulation.
rESUlTS And dIScUSSIon

data Analysis
The rainfall data used in this study represent the maximum 24-hr rainfall per year which is carried out through moving window method. Figure 3 shows the maximum rainfall estimation for a 24-hr duration during Typhoon Morakot in 2009. The rainfall patterns reveal that hotspot is near south-east part; and the area with high amounts of rainfall is close to the mountain area in the east. Thus, observation Xingmaga was selected as the primary analysis frequency. According to the top six annual maximum rainfalls in Xingmaga for different durations as shown in Recently, the annual maximum rainfall for long durations may change due to climate change. Several studies (e.g., Guttman et al. 1992; Karl and Knight 1998) have found increases in precipitation amounts across the USA and Canada in recent years, which can be attributed to climate change (Adamowski and Bougadis 2003) . Global mean surface temperature rose by about 0.6°C during the last century (IPCC 2001 ). An increase in global temperature leads to the intensification of a hydrologic cycle, which, in turn, affects characteristics of extreme climatic events. However, climate change has various effects on geographically diverse regions (Mishra and Singh 2010) .
Frequency Analysis of Extreme Precipitation
The rainfall frequency of various intensities and durations is used extensively in the design and management of water resources projects considering extreme rainfall events. The most common frequency analysis consists of developing a relationship between rainfall intensity, depth, duration and frequency (or return period) (Adamowski and Bougadis 2003) . 2008 records (34 years). Moreover, the significant increase of a 200-yr return period 24-hr rainfall associated with Typhoon Morakot demonstrates the dominance of an extreme rainfall event with regard to a precipitation frequency analysis of the rain gauges with short service life. Figures 6a and b display the depth-duration-frequency curves with and without Typhoon Morakot at the observation point of Xingmaga. Figure 6c is the difference ratio between the data with and without Typhoon Morakot. For the duration between 6, 12 and 24 hours, the changing ratios are 8%, 12% and 20%, respectively, in a 200-yr return period, and are 7%, 11% and 18%, respectively, in a 100-yr return period. However, both changing ratios for 1 and 3 hr durations are less than 4%. The precipitation frequency analysis associated with Typhoon Morakot shows that the changing ratios are significant for the duration over 6 hours while they are slight for the durations of 1 and 3 hours.
Spatial Analysis of Extreme Precipitation with and
Without Typhoon Morakot Table 3 shows the effect of Typhoon Morakot on annual maximum precipitation for a 24-hr duration with a return period of 200 years in sixteen observations in south Taiwan. The annual extreme precipitation has increased at most to about 29% across the study area considering Typhoon Morakot, and they attributed most of those increases to a growth in the frequency and intensity of extreme events. Figure 7 shows the spatial maps based on a 24-hr extreme event with a return period of 200 years with and without Typhoon Morakot. Results indicate significant increases in the expected rainfall amount in the study area when considering the extreme event of Typhoon Morakot. The rainfall depth considering Typhoon Morakot is on average 164 mm higher than that without Typhoon Morakot. Figure 8 demonstrates the differences of spatial extreme rainfall maps analyzed with and without Typhoon Morakot. The figure shows that the extreme rainfall difference is smaller in the southwest than that in the north-east. There is spatial variability in the mean annual rainfall, including a general increase in precipitation with elevation ( Figs. 7 and 8) . Furthermore, the increase of precipitation with elevation in the mountain (a)
areas demonstrates the influence of landscape elevation on the variability and heterogeneity of precipitation. Over most of the southwest plain of the study area, the elevation ranges from 0 to 470 m, and 24-hr extreme rainfall with a return period of 200 years varies under 1000 mm. Consequently, the estimated extreme rainfalls are 1000 to 2300 mm surrounded by mountain ranges at high elevations over the northeast and along the eastern border, where the elevations range mostly near to 4000 m.
conclUSIon
Precipitation characteristics of Typhoon Morakot plays a crucial role in hydrological planning in southern Taiwan. In this study, a case study of the Gaoping River basin was presented. Based on the annual maximum data for the durations of 1, 3, 6, 12 and 24 hours, a generalized extreme value distribution was fitted to the extremes, and the spatial precipitation estimations were compared with and without Typhoon Morakot.
In short, the differences between the estimated precipitation based on the data with and without Typhoon Morakot are higher at long return periods with long durations (i.e., 12 and 24 hours) than that at short durations. Based upon frequency analysis results, the increase in precipitation depth causes a significant positive trend in considering precipitation contributed by Typhoon Morakot. Precipitation depth increases (e.g., 164 mm averagely in whole study area) for a 200-year event with 24-hr duration, especially in the mountain area.
